The floor plate, a cell group that develops at
The patterning of the nervous system in vertebrate embryos is established by signals that specify the fate of cells at distinct positions within the neural plate. Patterning of the neural plate is initiated during gastrulation as the dorsal mesoderm involutes under the prospective neural ectoderm (1) . Regionalization of the neural plate along the anteroposterior and mediolateral (later dorsoventral, D-V) axes appears to involve both planar and vertical inductive signaling pathways. Signals that spread through the plane of the ectoderm may derive from the organizer (2-4) and from midline cells of the notoplate (3) . Vertical signals derive from the prechordal plate and notochord and appear to cooperate with planar signals to establish the complete axial pattern (3, (5) (6) (7) ).
An early event in the elaboration of the D-V pattern of the neural tube is the induction offloor plate differentiation at the midline ofthe neural plate in response to vertical signals from the notochord (5, 8, 9) . Notochord and floor plate cells then provide signals that induce the differentiation ofmany ventral neuronal types such as motor neurons (5) . Signals from the floor plate also have later roles in the guidance of commissural axons (10) (11) (12) (13) . An understanding of the mechanisms involved in early patterning along the D-V axis of the neural tube requires a definition of the steps involved in floor plate induction. Identification of transcription factors that control the signaling properties of the notochord and the change in fate of midline neural plate cells should provide insights into this inductive interaction.
In frog embryos, a gene encoding a member of the hepatocyte nuclear factor 3 (HNF-3)/fork head family of transcription factors, Pintallavis (14) (XFKH1, ref. 15 (14) , was also injected into developing embryos at the two-cell stage.
In Situ Hybridization. Whole-mount in situ hybridization (20) was performed using a digoxygenin-labeled antisense RNA probe consisting of the full F-spondin or Pintallavis (14) sequence. The probe was not hydrolyzed and the embryos were not prehybridized. The hybridization signal was detected with alkaline phosphatase-coupled anti-digoxygenin antibodies and reaction with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate, resulting in a blue 
RESULTS
To provide a molecular marker with which to assess floor plate identity in frog embryos, the X. laevis homologue of the rat F-spondin gene (17) was cloned. The rat and frog F-spondin proteins exhibit 84% sequence identity and a similar domain organization (Fig. 1) . Examination of the pattern of F-spondin expression by whole-mount in situ hybridization showed that in the hindbrain and spinal cord, F-spondin mRNA was restricted to a three-to five-cell-wide strip at the ventral midline corresponding to the floor plate ( Fig. 2 A and C-F Floor plate differentiation from neural plate cells appears to require contact-dependent signals from the underlying notochord (5, 8, 9) . To determine whether F-spondin expression by neural plate cells requires the notochord, we examined its expression in exogastrula embryos, in which the neural ectoderm and notochord remain segregated (1, 3). F-spondin mRNA was absent from the neural ectoderm of exogastrula embryos (Fig. 2B ), suggesting that F-spondin transcription in the neural tube depends on induction by the notochord. Thus the expression of F-spondin can be used to define floor plate differentiation in frog embryos.
F-spondin NH2
To test whether ectopic expression of Pintallavis can induce markers of floor plate differentiation at ectopic sites within the neural tube, we examined the distribution of F-spondin transcripts in tadpoles injected at the two-cell stage with synthetic Pintallavis mRNA. Consistent with previous results (14) , injection of Pintallavis mRNA resulted in neural defects which arose, at least in part, from its expression in mesoderm. Sixty-five to 70% of injected embryos displayed abnormal neural axis formation at tailbud stages, most notably a loss of anterior neural structures and an expansion of posterior neural tissue (Fig. 3 C (Fig. 3 C, E , and G) and dorsal (Fig. 3 A, B showing that F-spondin RNA is not present in the ectoderm (ec). In contrast, F-spondin RNA is detected in cells of the hypochord found adjacent to the notochord (n). en, Endoderm; me, mesoderm. (C and D) High magnification of midbrain-hindbrain region of tadpole (stage 36) labeled in whole-mount, showing F-spondin RNA in the floor plate (fp) of the hindbrain and in the hypochord (h), located under the notochord (n). There is also F-spondin RNA in the lateral region of the midbrain. In contrast to the expression in rat embryos (17) , in frogs F-spondin is not expressed by the most anterior floor plate cells located in the midbrain and there is a clear boundary of expression in the floor plate at the boundary of the midbrain (mb) and the hindbrain (hb) (arrowhead in D). F-spondin is expressed at low levels in the posterior part of the notochord and in branchial arches (data not shown). (E and F) Cross sections of the hindbrain of tadpoles (stage 36) after whole-mount in situ hybridization. F-spondin RNA is restricted to the floor plate (fp) at the ventral midline. In F, F-spondin RNA is detected in the hypochord (h), an embryonic endodermal structure located ventrally to the notochord (n). remaining embryos exhibited mosaicism, a majority of neural cells were labeled, and these were found throughout the D-V axis of the neural tube. Thus, the distribution of RLDx and that of other injected molecules (21) (22) (23) suggests that the restriction of ectopic F-spondin expression along the D-V axis of the neural tube does not result from differential segregation of Pintallavis mRNA.
One possible explanation for the detection of ectopic F-spondin expression in only a fraction of embryos and for the restriction ofectopic expression to the hindbrain is a rapid decay of injected RNAs after the midblastula transition (24) . To examine the stability of injected message, synthetic Pintallavis mRNA was injected at the two-cell stage and detected later in development by whole-mount in situ hybridization. Injected RNA was present at high levels at blastula stages (stages 6-7; Fig. 2H ; n = 15) but at levels only marginally above the threshold for detection in late gastrulaneurula embryos ( Fig. 2I; n = 15) . Thus, by the time of neural plate formation and floor plate induction, the level of injected RNA was much lower than that of the endogenous transcript (Fig. 2I) . This finding supports the idea that the relatively low incidence of embryos exhibiting ectopic F-spondin expression could result from the progressive decay of injected mRNA.
Proc. Natl. Acad. Sci. USA 90 (1993) In addition, the incidence of ectopic F-spondin expression in injected embryos (-=15%) was lower than that of overt neural defects (-65%) (14) . Our previous studies have provided evidence that many of the neural defects obtained after injection of Pintallavis mRNA can result from early actions of Pintallavis on mesoderm at the time of neural induction (14) . In contrast, the induction of F-spondin expression is likely to result from later actions of Pintallavis during neural plate formation, providing a possible explanation for the lower incidence of affected embryos. The restriction of ectopic F-spondin to the hindbrain may also result from the progressive decay of injected mRNA. Floor plate differenti- The results of three independent experiments are summarized. Numbers refer to embryos displaying normal or ectopic F-spondin RNA patterns as assayed by whole-mount in situ labeling followed by serial sectioning. The mutant Pintallavis RNA derives from a template carrying a frameshift mutation and encodes a truncated protein lacking the putative DNA-binding domain (14) . ation in the hindbrain occurs several hours before that in the spinal cord (Fig. 2G and data (26) , that could facilitate Pintallavis function.
The primary domain of ectopic F-spondin expression occurs adjacent to the dorsal midline in the roof plate. Since floor plate progenitors never populate the roof plate (27) (28) (29) , the expression of F-spondin by roof plate cells provides strong evidence that the fate of neural plate cells has been changed. These results also raise the possibility that roof plate and floor plate precursor cells share underlying properties.
The domain of ectopic F-spondin expression that is adjacent to the ventral midline could also result from a change in fate ofcells that are located next to the floor plate. These cells may normally be exposed to levels of a floor plate-inducing signal from the notochord that are insufficient to induce floor plate differentiation. The reinforcement of this signal by ectopic Pintallavis expression could cause these cells to differentiate as floor plate. The ventral position of these cells, however, makes it difficult to exclude that the change in ventral expression of F-spondin in injected embryos results from the enhanced proliferation or abnormal migration of floor plate progenitors.
Additional markers will be required to determine whether roof plate cells that express F-spondin display a full floor plate phenotype. Based on the results of notochord grafts in chicken embryos (5, 30) , one functional consequence of a dorsally located floor plate is the suppression of dorsal cell markers and the induction of ventral cell types in adjacent regions of the neural tube. In our previous analysis of the ectopic expression of Pintallavis mRNA (14) we observed an inhibition of the differentiation of Rohon-Beard neurons, a dorsal neural cell type. In the light of the present findings, it is possible that the suppression of Rohon-Beard differentiation reflects the expression of floor plate-like properties in dorsal midline cells.
In normal development, the expression of Pintallavis and that of F-spondin in midline neural plate cells overlap for only a short period, suggesting that Pintallavis may be involved in activating but not in maintaining the transcription of F-spondin. Genes encoding cell adhesion molecules can be activated directly in vitro by transcription factors implicated in the specification of cell identity (31, 32) . Our in vivo results show that ectopic expression of a midline transcription factor changes the properties of a subset of neural tube cells as revealed by the expression of a floor plate gene involved in neural cell adhesion. Thus, Pintallavis may be involved in specifying floor plate fate in midline neural plate cells.
